The crystal structure and polymorphism of the well-known aminoazobenzene, N,N-dimethyl-4-aminoazobenzene (DAB) are studied; a second polymorph of DAB reported and the relationship between the two polymorphs studied using differential scanning calorimetry and by evaluating their lattice energies and absorption spectra. Without significantly strong intermolecular interactions present in the two forms of DAB, a balance between conformational strain and a cumulative π-orbital overlapping effect results in the existence of the enantiotropically related polymorphs and their alternative packing arrangements. The UV/ vis spectra of the two polymorphs are different, thus illustrating the significance of small structural changes on the colour of a material, which could behave differently under particular sensing conditions. DAB has been used primarily as an acid/base indicator solution and a dye molecule and the implications of the polymorphic relationships established here are discussed with respect to the range of applications this molecule finds as a sensor and for its incorporation into various functional films and devices.
Introduction
Molecules containing an azo chromophore have a longstanding reputation as excellent dyes. (E)-N,N-Dimethyl-4-aminoazobenzene (DAB) more commonly known as methyl yellow, is one of the most successful azo dyes that found a wide range of applications initially, especially in the food and textile industries. 1 After being reported as a carcinogen in the mid-1900's 2 and discontinued as a food additive, DAB found other applications, most notably in sensing devices. DABbased detectors are now being explored for their use in large chemical plants to detect formaldehyde and ammonia gas. 3, 4 It is also being incorporated into biomedical devices to detect for specific bio-analytes and to act as a sensor to determine optimal biological conditions. 5 DABs ability to perform as a sensor is due to its obvious colour change (yellow to red and vice versa) that takes place with a change in pH. In addition to its acid/base indicator properties, 6 it is able to undergo trans-cis photoisomerisation. 7, 8 The physical and chemical properties of the DAB molecule are well-studied, but knowledge of the crystalline material has long been disregarded. Indeed, the first crystal structure of DAB was reported in 1992. However, the initial report was concerned with the effect of protonation on the azo bridge rather than the solid-state structure. 9 At the time, it was thought that the protonation of this group served a structural role and the intramolecular hydrogen bond formed between the hydrazone-ketone tautomer was critical to the structural integrity of the azo-type material. However, the existence of a deprotonated azo-region, seen from the X-ray crystal structure of DAB, demonstrated that these dyes were indeed stable. Following this study, numerous other substituted azobenzene structures were realised in the 1990s, 10 but packing polymorphism amongst mono-and di-substituted azobenzene dye compounds was not commonly observed. This is likely due to a lack of interest in the polymorphic nature of dye materials at the time, and difficulty in crystallising these, and other related materials.
There are no known polymorphs of the ubiquitous dye DAB in the trans-isomer. Here, we demonstrate that DAB crystallises in two polymorphs and we study their enantiotropic relationship using thermal methods (DSC and hot stage microscopy). Their optical and energetic properties are further explored using density functional theory (DFT), corroborating our experimental observations. We also find that the previously reported solid form of DAB (form I) is metastable, despite each DAB molecule occupying the more favourable planar molecular geometry. We can attribute the increase in stability of DAB form II to better π-orbital overlapping effects and thus we are able to present both a novel polymorph of DAB and an energetic basis for its formation. We anticipate that the results presented here may be used when rationalising and designing future materials that contain DAB as a key sensor molecule.
Experimental

Materials and preparation of polymorphs
DAB was purchased from Sigma Aldrich on two separate occasions (batch numbers 077K1187 and BCBM8998V). Solvent grade ethanol and acetonitrile were used for the recrystallisation of DAB form I and II respectively.
Characterisation methods
Single crystal X-ray diffraction. X-ray diffraction data for form II of DAB were collected on an Agilent Gemini A-Ultra X-ray diffractometer using MoKα (λ = 0.71069 Å) radiation. The crystal was cooled to 150 (2) K using an Agilent Cryojet. The redetermination of the X-ray crystal structure of DAB form I was undertaken on a Bruker KAPPA APEX II Duo diffractometer also using MoKα radiation. The crystal was maintained at 150 (2) K throughout the data-collection with the aid of a Cryostream cooler from Oxford Cryostreams, UK. Programs used for unit cell refinement and data reduction included CrysAlisPro version 1.171.37.31 (Agilent) and SAINT version 6.02 (Bruker) . 11 The structures were solved by direct methods using SHELXS-97 and full matrix least-squares refinement was carried out using SHELXL-97. 12 Table 1 lists data collection and refinement details. Powder X-ray diffraction. PXRD patterns were measured on a Bruker D8 powder X-ray diffractometer with CuKα 1 radiation (λ = 1.5418 Å) at 298 K. A silicon low background sample holder was used on a rotating sample stage and measured with a 2θ range of 4-40°. Computed PXRD patterns were generated from the single crystal data using Lazy Pulverix 13 in the X-seed suite.
14 Thermal analysis. A DSC-Q200 apparatus supplied by TA instruments, with Universal Analysis 2000 software, was used to determine accurately the melting point and phase transition for the DAB polymorphs. Samples of masses ranging from 0.9-2.5 mg were placed in closed aluminium pans and the instrument operated with a dry N 2 purge gas flowing at a rate of 50 cm min −1 ; a heating rate of 10°C min −1 was used.
Complementary visual characterisation of the polymorphs was carried out using a Mettler Toledo FP82 hot stage equipped with a Leica DM1000 microscope. Both crystals were subjected to a programmed temperature regime using the FP90 Central Processor. The crystals were filmed using an Infinity 2 microscopy camera. DFT calculations. All solid-state calculations were performed within the Kohn-Sham DFT construct as implemented in the Vienna ab initio simulation package (VASP). 15 Starting with the experimentally determined crystal structures, the lattice parameters and atomic positions were allowed to relax to their equilibrium geometries using the PBEsol functional, [16] [17] [18] a 500 eV planewave cutoff and a 4 × 4 × 2 and 4 × 2 × 2 k-point grid for form I and form II, respectively. These parameters converged the total energy to within 0.001 eV per atom and the lattice parameters within 0.1% of the experimentally determined values. The hybrid HSE06 screened-exchange functional 19 was then used to recover more accurate electronic properties, including the prediction of the UV-vis absorption spectra within the single-particle approximation. The same basis set and k-grid were used in these calculations. In principle other hybrid functionals could also be employed (i.e. PBE0 20 or B3LYP 21 ) to examine similar problems. We have elected to use the same functional as the entirety of our previous work, 22,23 as HSE06 performs reliably over a broad range of chemical functionalities.
Results and discussion
Polymorph discovery
DAB was purchased from Sigma Aldrich on two separate occasions (the as-purchased PXRD patterns are shown in Fig. 1 ). The calculated PXRD pattern for form I, the only reported crystal structure, did not show perfect agreement with PXRD patterns of the samples as purchased, from which it was clear that there were at least two crystalline phases in the samples. Through targeted growth of form I and the solid form that emerged as the new form II, we were able to Miller index ranges deconvolute the PXRD patterns. For rapid analysis, the forms can be identified by the low angle reflections, i.e. the presence of a reflection at a 2θ angle of 7°is indicative of form I. Form I is readily crystallised through the evaporation of a solution of DAB from a variety of solvents (including mixed solvent systems, see ESI † Table S1 for details). Form II was obtained by dissolving 10 mg of DAB in acetonitrile and placing it into a fridge (4°C). Seven months later form II appears as a dark orange crystalline material.
Full data collections were performed on the single crystals of DAB forms I and II and their X-ray structures determined. The single crystal X-ray structure of form I was redetermined, as the current structure on the Cambridge Structural Database (CSD) has poor hydrogen placement.
X-ray analysis
DAB form I displays a planar structure with torsion angles about the azo bond of less than one degree. Form II, however, displays a noticeable out-of-plane bend (torsion angle N10-N11-C12-C13 = 20°). This is the main conformational difference between the two polymorphs as they both maintain the trans conformation about the azo bond. These differences are shown by overlaying a representative DAB molecule from each structure, Fig. 2 . From both simple Hückel theory, and expanded descriptions of complex π-systems, it is clear that the extent of orbital overlap determines the electronic structure of the system. [24] [25] [26] From molecular arguments alone we anticipate that polymorphs form I and II should be electronically dissimilar. As well as the molecular differences, the intermolecular packing arrangements of the two polymorphs are significantly different (Fig. 3) , with form I exhibiting a pseudolayered arrangement of the molecules along the [0 1 0] plane. In these layers DAB molecules position themselves in a headto-tail, zig-zag arrangement. The packing arrangement of form II, on the other hand, contains DAB molecules arranged in centrosymmetric pairs with centroid to centroid distances measuring over 4.7 Å. There are two noteworthy intermolecular interactions that occur between the DAB pairs that are positioned perpendicular to one another in the herringbone formation shown in Fig. 3(b) . interaction on either side of each DAB pair weakly binds the perpendicular neighbours to one another. These intermolecular interactions for DAB form II are evident on the Hirshfeld fingerprint plots (Fig. 3) , which are different for the two polymorphs. 27 Form II contains two long and sharp lateral spikes with a minimum d i + d e ≈ 2.5 Å which corresponds to the C-H⋯N contacts, while this signature feature is not seen in the fingerprint plot for form I. The torsion angle around the azo bond in form II results in increased C-H⋯N and C-H⋯π interactions. The Hirshfeld surface analysis diagrams (ESI † Fig. S1 ) supports the fingerprint plots and clearly shows the intermolecular interactions present between the molecules in each polymorph. The dimethylamino group is largely responsible for the large displacements found between the layered DAB molecules and centrosymmetric pairs in form I and II respectively. The molecular displacement is consistent with increased electron density in the phenyl rings, and therefore an increase in intermolecular π-repulsion. Electrostatics play an important role in the molecular arrangement of both polymorphs as there are no true π-stacking interactions present in either structure. The azo and NĲCH 3 ) 2 moieties are the electron deficient groups which are in close proximity to the repulsive π-electron regions of the two phenyl rings.
Thermal analysis
The DSC results for the raw material as supplied, and samples of form I and form II of DAB are illustrated in Fig. 4 . The accurate heats of transition (ΔH t ) and fusion (ΔH f ) as well as their extrapolated onset temperatures (T t and T f ) for the three samples are listed in Table 2 . The DSC trace of the raw material illustrates two endothermic peaks (A and B) . A pure sample of form I, crystallised from ethanol at room temperature, contains one endothermic event (melting, peak B). This thermal transition occurs at 116°C and can be seen in the hot stage microscope images (upper panel of Fig. 5 ). Due to purification limitations, it was challenging to isolate a powder composed of purely form II (PXRD analysis showed a small quantity of form I, ESI † Fig. S2 ). This pseudo-pure sample showed the expected endothermic peak associated with the melting event of form I (peak B), and also a much lower energy melting event at a lower temperature (peak A, ca. 80°C). The DSC trace associated with form II closely matches the as-purchased material. However, the change in enthalpy for DAB form II (peak A) was significantly greater than that of the raw material (Table 2) , further confirming that the raw material is a physical mixture of the two polymorphs. Hot stage microscopy images of form II (lower panel of Fig. 5 ) shows a loss of crystallinity and darkening of the crystal occurring at 80°C. This event can be associated with a phase transition from form II to form I. According to the heat of transition rule, 28 these polymorphs are enantiotropically related to one another with form II being the stable polymorph below 80°C. Form I is the thermodynamically stable form between the thermodynamic transition point and its melting point. Despite form II having two weak intermolecular interactions, the heat supplied at 80°C is sufficient to collapse the structure and allow the 'twisted' azo bond to relax into the more planar conformation.
Solid-state electronic structure
Using the structures obtained from the solid-state DFT optimisations, total crystal lattice energies and electronic structures were obtained for both DAB polymorphs. Form I was computed to be less stable than form II by 1.6 kJ mol −1 per molecule. The difference in relative lattice energies for these two polymorphs is small and supports the postulation by Cruz-Cabeza et al. that 74% of conformational polymorphs differ in lattice energy by less than 6 kJ mol −1 . 29 Spectroscopic measurements elucidated that form I has an absorption onset at 510 nm while form II has an absorption onset at 525 nm. These are in qualitative agreement with experimentally determined UV-vis absorption onsets (form I at 553 nm, form II at 575 nm). This result is somewhat surprising as the molecular-favoured geometry (i.e. the planar π-system like that of form I) is certainly more favoured than deviations from planarity. Both theoretically and experimentally determined spectra are presented in Fig. 6 . Examination of the origin of the highest occupied crystalline orbitals (HOCOs) and lowest unoccupied crystalline orbitals (LUCOs) (Fig. 6(b) -(e)), show that the fundamental electronic transition corresponds to an azo-bridge-to-planar π-system transition. However, form I is noticeably different in HOCO charge locality. Electron density is observed to be more centred on the azo bridge in form I, rather than the peripheral functionality in form II. This increased orbital interaction is stabilising. The LUCO for both systems are similar. As a result, it is predicted that form I will Fig. 4 DSC traces of the DAB samples illustrating the dominant melting peak B and the inset illustrates peak A that is present for sample (a) and (c) (↓endo). 
Raw material -peak A 80.7 ± 0.5 1.9 ± 0.1 (n = 2) (n = 2) Raw material -peak B 114.7 ± 0.1 96.4 ± 0.8 (n = 2) (n = 2) DAB form I -peak B 113.3 ± 0.2 93 ± 1 (n = 2) (n = 2) DAB form II -peak A 79.5 ± 0.5 8 ± 2 (n = 2) (n = 2) DAB form II -peak B 116.5 ± 0.2 107.4 ± 0.1 (n = 2) (n = 2) exhibit a wider gap electronic transition due to increased stabilising π-delocalisation. Thus, the molecular geometry of the crystal constituents is a good indication of the spectroscopic energetics (as the transitions are intramolecular and highly localised, the crystal packing contributions are minimal), but the molecular geometry is not a good indication of net crystal energy. The latter fails because molecular arguments do not consider both intermolecular multipole stabilising interactions and crystal density.
The difference in crystal energy can be thought of as a product of two interactions; i) intermolecular multipole stabilising interactions, and ii) crystal density. Given form I′s overall decrease in stability, we can conclude that the energy deficit is a product of intermolecular interactions. It is likely that form II is stabilised by the stronger C-H⋯N and C-H⋯π interactions and overall electrostatics present within the crystal structure and the conformational strain around the azo bond plays a much smaller role.
Conclusion
We have presented the discovery of a second, more stable, polymorph of the azobenzene dye DAB. The conformational polymorphs are enantiotropically related to one another and their relative lattice energies are very similar. Both polymorphs are obtained simultaneously in the production of the dye and sold to consumers. The origin of the difference in structure may be attributed to a macroscopic crystal packing rather than being determined by molecular torsions. Furthermore, our methods have elucidated that the unfavourable molecular torsions are the origin of the decreased absorption onset, but the long absorption onset tail associated with form II imparts an orange hue on the crystals.
As the scientific community moves towards advanced solid-state applications of these types of molecules in films and sensing devices, their polymorphic nature will become increasingly important; one polymorph may have preferred physical and spectroscopic properties than another, and the relative stability and possibility of transformations between the polymorphs must be taken into account in formulating, storing and using the resulting DAB-containing functional product.
